Bloom syndrome (BS) is an autosomal recessive disorder caused by mutations in the RecQ-like DNA helicase BLM, which functions in the maintenance of genome stability. Using a humanized model of Saccharomyces cerevisiae that expresses a chimera of the N terminus of yeast Sgs1 and the C terminus of human BLM from the chromosomal SGS1 locus, we have functionally evaluated 27 BLM alleles that are not currently known to be associated with BS. We identified nine alleles with impaired function when assessed for hypersensitivity to the DNA-damaging agent hydroxyurea (HU). Six of these alleles (P690L, R717T, W803R, Y811C, F857L, G972V) caused sensitivity to HU that was comparable to known BS-associated or helicase-dead alleles, suggesting that they may cause BS and, in the heterozygous state, act as risk factors for cancerogenesis. We also identified three alleles (R791C, P868L, G1120R) that caused intermediate sensitivity to HU; although unlikely to cause BS, these partial loss-of-function alleles may increase risk for cancers or other BS-associated complications if a person is homozygous or compound heterozygous for these alleles or if they carry a known BS-associated allele. B loom syndrome (BS) is a rare genetic disorder with 264 affected individuals worldwide currently included in the BS registry (1). BS is characterized by proportional dwarfism, erythema on sun-exposed skin, hyper-or hypopigmented areas of skin, immunodeficiency, and subfertility (2, 3). Persons with BS have a striking predisposition to cancer development and increased risk for early-onset type-II diabetes (3). Life expectancy is short, ranging from 1 to 49 y, with a mean age at death of 27 (1, 4).
Bloom syndrome (BS) is an autosomal recessive disorder caused by mutations in the RecQ-like DNA helicase BLM, which functions in the maintenance of genome stability. Using a humanized model of Saccharomyces cerevisiae that expresses a chimera of the N terminus of yeast Sgs1 and the C terminus of human BLM from the chromosomal SGS1 locus, we have functionally evaluated 27 BLM alleles that are not currently known to be associated with BS. We identified nine alleles with impaired function when assessed for hypersensitivity to the DNA-damaging agent hydroxyurea (HU). Six of these alleles (P690L, R717T, W803R, Y811C, F857L, G972V) caused sensitivity to HU that was comparable to known BS-associated or helicase-dead alleles, suggesting that they may cause BS and, in the heterozygous state, act as risk factors for cancerogenesis. We also identified three alleles (R791C, P868L, G1120R) that caused intermediate sensitivity to HU; although unlikely to cause BS, these partial loss-of-function alleles may increase risk for cancers or other BS-associated complications if a person is homozygous or compound heterozygous for these alleles or if they carry a known BS-associated allele. B loom syndrome (BS) is a rare genetic disorder with 264 affected individuals worldwide currently included in the BS registry (1) . BS is characterized by proportional dwarfism, erythema on sun-exposed skin, hyper-or hypopigmented areas of skin, immunodeficiency, and subfertility (2, 3) . Persons with BS have a striking predisposition to cancer development and increased risk for early-onset type-II diabetes (3) . Life expectancy is short, ranging from 1 to 49 y, with a mean age at death of 27 (1, 4) .
BS is caused by mutations in the BLM gene, whose 22 exons encode a 3′-5′ DNA helicase that is related to RecQ of Escherichia coli and Sgs1 of Saccharomyces cerevisiae (5, 6) . Nineteen recurring and 45 unique mutations in BLM have been identified as causative of BS (7) . Blm Ash , which occurs at a frequency of ∼0.5% in the Ashkenazi Jewish population, is the most common BS-associated mutation, a frameshift caused by deletion of six nucleotides and insertion of seven different nucleotides (8) (9) (10) (11) . Most other BS-associated mutations are also frameshifts or point mutations that lead to premature termination of BLM upstream of or within the helicase domain, causing complete loss of function. However, 13 missense mutations-7 in the helicase domain and 6 in the RecQ C-terminal (RQC) domain-have also been identified in persons with BS (7) . Five of these missense mutations have been characterized in vitro and were found to impair BLM's ability to bind and hydrolyze ATP or to bind DNA (12) . Although a crystal structure of the BLM helicase core has not yet been reported, modeling of known BS-associated mutations onto the crystal structure of E. coli RecQ has revealed molecular and structural explanations for these defects (12) . Crystal structures of other RecQ-like DNA helicases, most notably those of the helicase core of human RecQL1 and the winged-helix (WH) domain of Werner syndrome protein (WRN) in a complex with DNA, have revealed that even domains that show no significant sequence identity, such as the WH domains, are structurally and functionally conserved within the RecQ helicase family (13, 14) . Normal BLM function also depends on its physical interaction with topoisomerase IIIα and Rmi1/Rmi2. Together they form the so-called BRT (BLM/Rmi1/Rmi2/topoisomerase IIIα) complex, which is involved in dissolving homologous recombination intermediates as non-cross-overs (reviewed in ref. 15) . Interactions with Rad51, Mlh1, p53, and ataxia telangiectasia mutated (ATM) protein kinase have also been reported (16, 17) . Thus, BS cells are hypersensitive to DNA-damaging agents, show elevated rates of mitotic recombination, especially between sister chromatids but also between homologous chromosomes, and accumulate abnormal replication intermediates (18) (19) (20) (21) . Evidence that heterozygosity for BS-associated mutations is associated with increased cancer risk comes from a study that showed a greater than twofold increase in colorectal cancer risk in carriers of the blm Ash mutation, although this association is somewhat uncertain (22, 23) . Associations between noncoding single-nucleotide polymorphisms (SNPs) in BLM and breast cancer and to a lesser extent bladder cancer, malignant melanoma, acute myeloid leukemia, and myelodysplastic syndromes have also been reported (24, 25) , and it has been suggested that these noncoding SNPs may be linked to functional SNPs in exons of BLM. However, it is unknown which, if any, of the 75 currently known coding BLM variants alter BLM function. Here we have used an S. cerevisiae system that expresses a chimera composed of the N terminus of Sgs1 and the C terminus of BLM under control of the chromosomal SGS1 promoter to functionally evaluate 27 variants of the BLM gene that are not currently known to be associated with BS.
Results
Identification of Total Loss-of-Function BLM Alleles Not Currently Associated with BS. Like BS cells, yeast cells lacking Sgs1 are hypersensitive to DNA-damaging agents (26) . Deletion of the Cterminal 800 residues of Sgs1 eliminates the HRDC (helicase and RNase D C-terminal), helicase, and RQC domains, the latter two of which make up the helicase core of Sgs1. Hydroxyurea (HU) sensitivity of cells expressing this Sgs1 truncation is suppressed by replacing the missing C-terminal 800 residues of Sgs1 with the C-terminal half of human BLM (residues 648-1417) (27) (Fig. 1 A and B) . Fig. 1B shows that the function of this chimera depends on enzymatic activity contributed by BLM because mutating the conserved lysine in the Walker A motif of BLM (K695R) or introducing mutations known to cause BS (C1036F, C1055S, D1064V) inactivated the chimera, causing severe sensitivity to HU. The region of BLM included in the chimera contains 41 of the 75 missense mutations from the National Center for Biotechnology Information database of Short Genetic Variations (dbSNP, http://www.ncbi.nlm. nih.gov/projects/SNP/) that are not currently known to be associated with BS and 2 additional, rare variants (c.2069C>T, P690L; c.3970C>T, H1324T) reported by German et al. (7) . Using PolyPhen (28), we ranked these 43 variants according to their probability to impair BLM function (Table S1 ). The 11 variants predicted to be "probably damaging" (score >2.0) and the 11 variants predicted to be "possibly damaging" (score >1.5) were selected for in vivo analysis (Table 1 ). In addition, we chose the three highest-ranked variants with a score <1.5 ("benign") and two lower-ranked variants for a total of 27 amino acid changes to be functionally evaluated ( Fig. 1A and Table 1 ). These 27 variants were introduced into BLM cDNA and stably integrated at the chromosomal SGS1 locus. Expression of the BLM variants from the endogenous SGS1 promoter ensured cell cycle-regulated expression and copy number control.
By assessing the ability to grow in the presence of HU, we identified six total loss-of-function BLM alleles that are currently not associated with BS: P690L, R717T, W803R, Y811C, F857L, and G972V (Fig. 2) . Expression of these BLM variants caused cells to be as sensitive to HU as cells expressing the helicasedead K695R allele (Fig. 2) or known BS-associated alleles (Fig.  1B) . Yeast cells expressing these alleles were also hypersensitive to the alkylating agent methane methylsulfonate (MMS) and 4-nitroquinoline 1-oxide (4NQO), which induces bulky DNA adducts (Fig. S1 ). Three of these six mutations affect residues in conserved helicase motifs (Fig. 3A) : P690 maps to the Walker A motif, R717 to motif Ia, and G972 to motif VI. W803 is located in a highly conserved aromatic-rich (AR) loop that follows the Walker B motif. Y811 and F857 are located between motifs II and III and between motifs III and IV, respectively. Only W803R affects a residue that is conserved in all five human RecQ homologs (BLM, WRN, RecQL1, RecQL4, and RecQL5), whereas the others affect residues that differ in at least one of them. The arginine at position 717 is not conserved, with leucine or isoleucine being present at those positions in the other four human RecQ-like helicases, in Sgs1, and in RecQ. Although the structure of the helicase domain of BLM has not been solved, those of E. coli RecQ and human RecQL1 were recently reported (14, 29) . Based on ClustalW2 (http://www.ebi.ac.uk/ Tools/msa/clustalw2/) alignments, P690, R717, W803, Y811, F857, and G972 of BLM correspond to P114, I141, W227, Y235, F281, and N397 of RecQL1 with no significant gaps in the alignment (Fig. 3A) . Modeling the BLM residues onto the RecQL1 structure revealed that P690, R717, W803, and Y811 are located in the first of the two RecA-like lobes of the helicase domain, whereas G972 is located in the second lobe, with F857 in the loop connecting the two lobes (Fig. 3C) . Notably, all six affected residues are located near the surface of the deep cleft between the lobes. Residues exposed along this cleft, including those that make up the conserved helicase motifs, are critical for ATP binding and hydrolysis as well as single-stranded DNA binding (12, 14, (29) (30) (31) (32) .
Identification of Partial Loss-of-Function BLM Alleles. In addition to total loss-of-function alleles, we identified three alleles (R791C, P868L, G1120R) that caused slight growth inhibition on HU, suggesting a partial loss of function ( Fig. 2 and Table 1 ). Cells expressing these alleles also showed slightly increased sensitivity to 4NQO, and to a lesser extent to MMS (Fig. S1 ). These partial loss-of-function mutations affect residues in the helicase core; however, they are not on the surface of the cleft between the two lobes. Instead, R791 is in an internal β-sheet near the invariant aspartic acid (D795) and glutamate (E796) residues of the Walker B motif ( Fig. 3 A and D), whereas P868 is farthest from the cleft in a loop that follows the first β-sheet of lobe 2 ( Fig. 3E) . The third affected residue, G1120, is located in the α2-α3 loop of 
Amino acid changes in BLM were identified in the dbSNP database and mapped to BLM. HD, helicase domain; RQC, RecQ C-terminal domain with zinc-binding and winged-helix subdomains. Polymorphism phenotyping (PolyPhen) scores (28) estimate the probability of nonsynonymous mutations to affect protein function (>2, probably damaging; <2, possibly damaging; <1.5, benign). HU refers to Fig. 2 (+++, sensitive as helicase-dead K695R; +, intermediate sensitivity between wild type and K695R; −, equivalent to wild type). BLM variants P690L and H1324T were reported by German et al. (7) . *A variant originally reported in the dbSNP database as a missense mutation but later identified as the deletion of exons 11 and 12, resulting in a premature stop codon (3, 6) is indicated.
the WH domain and appears to be the only BLM variant that exhibits impaired function due to a missense mutation in this domain (Fig. 3 B, F, and G) . The WH domain of RecQ-like helicases has recently been implicated in DNA recognition and strand separation (13, 14) . Although there is no significant sequence identity between the WH domains of RecQ helicases, ClustalW2 and structure-based alignments show that G1120 is conserved in Sgs1, RecQ, and all four human RecQ-like DNA helicases that possess an RQC domain ( Fig. 3B and Fig. S2B ) (13) . When we changed G1120 to a different residue (G1120E) we observed the same partial defect, further supporting the importance of G1120 for BLM function (Fig. S3) .
Although predicted by PolyPhen to be probably damaging, the H1014R and H660Y alleles did not cause hypersensitivity to HU. None of the BLM alleles predicted to be possibly damaging or benign impaired BLM function in the HU sensitivity assay (Fig. 2 and Table 1 ). Of the 17 amino acid changes that did not impair BLM function, 13 are located in domains for which crystal structures or solution structures have been determined in at least one member of the RecQ-like DNA helicase family (Fig. S4) . Seven of these amino acid changes map to the helicase domain and affect residues along the periphery of lobe 1 or lobe 2 away from the cleft between the lobes where the conserved helicase motifs are located (Fig. S4A) . Three other amino acid changes are located in the zinc-binding subdomain (Fig. S4B) and two are located in the α3-α4 loop of the WH subdomain, which, in contrast to the α2-α3 loop, where the partially defective G1120R mutation is located, is not known to be involved in DNA binding (Fig. S4C) . Finally, one amino acid change that did not impair BLM function maps to the HRDC domain (Fig. S4D) .
Corresponding Amino Acid Changes Impair Sgs1 Function. Of the five human RecQ-like DNA helicases, BLM is most closely related to Sgs1. Alignments between the two proteins show 50% identity across the helicase core, where the affected residues in all nine functionally impaired BLM variants are located. To determine whether the functional impairment was limited to BLM or whether the equivalent mutations also affected Sgs1 function, we constructed nine sgs1 alleles that corresponded to the nine partially or fully impaired BLM alleles (Fig. 4A and Fig. S2 ). Identifying the equivalent residues in Sgs1 was unambiguous except for the proline residue at position 868, which in BLM is located in a lysine-rich loop ( 868 PKKPKK 873 ) recently suggested to interact with DNA (12) . This proline is not present in Sgs1 and, in the absence of a crystal structure of Sgs1, it is unclear whether the loop is conserved. However, because the positive charge of the loop has been suggested to be functionally important for DNA binding, we decided to mutate the first of three lysines in this region (K881) to leucine. The nine mutations were introduced into the SGS1 gene on a CEN/ARS plasmid expressed under control of the native SGS1 promoter and then tested for their ability to complement the HU hypersensitivity of an sgs1Δ mutant (Fig. 4B) . The W816R and Y824C alleles could not suppress the HU hypersensitivity of the sgs1Δ mutant whereas P701L, F870L, and G1115R partially suppressed it, indicating impaired function of these five sgs1 alleles. The I732T, R804C, K881L, and G983V alleles appeared to fully suppress HU sensitivity of the sgs1Δ mutant, suggesting they retained activity that was similar to that of the SGS1 wild-type allele. Taken together, four of the six amino acid changes that caused a total loss of BLM function also impaired Sgs1 function, whereas one of the three partial loss-of-function mutations did (Table 2) . Notably, all BLM mutations that affected residues also conserved in Sgs1 and E. coli RecQ impaired Sgs1 function, whereas those that are not conserved in E. coli RecQ, Sgs1, and BLM did not (Fig. 4A, Table 2 , and Fig. S2 ).
Genetic Interactions Between BLM Variants in Diploid Cells. To assess possible genetic interactions between BLM alleles, we constructed diploids with various combinations of wild-type, partial loss-of-function, and total loss-of-function alleles ( Fig. 5 and Fig  S5) . As expected, diploids homozygous or compound heterozygous for total loss-of-function alleles were most sensitive to HU. However, whereas we expected that diploids homozygous or heterozygous for wild-type alleles would not be hypersensitive to HU regardless of the status of the second allele, we observed that diploids heterozygous for total loss-of-function and wildtype alleles (Fig. 5, rows 4-7) were more sensitive to HU than diploids that were biallelic for wild-type alleles (Fig. 5, rows 1-3) . We made similar observations when we included additional total loss-of-function alleles (K695R, C1055S) in the analysis (Fig. S5) . HU sensitivity of diploids homozygous for the partial loss-offunction P868L allele or heterozygous for P868L and one of the total loss-of-function alleles fell between that of diploids biallelic for wild-type or total loss-of-function alleles (Fig. S5) . These findings could be explained by insufficient wild-type BLM protein or a lower activity of multimeric BLM helicase complexes that consist of a mixture of wild-type and nonfunctional monomers.
Discussion
In this study, we have used S. cerevisiae to functionally evaluate 27 BLM variants that are not currently associated with BS. The mutant BLM alleles were chromosomally expressed from the endogenous SGS1 promoter. The advantage over plasmid-based approaches or expression from inducible or constitutive promoters is that BLM expression in this system is cell cycle-regulated and copy number-controlled. Similar to Sgs1, BLM appears in S phase and is maintained at similar levels in G2/M, but has mostly disappeared by the time cells reenter G1 (33) . Regulation of BLM expression by the chromosomal SGS1 promoter was critical, because the goal of our study was to evaluate BLM variants that are not known to cause BS. Therefore, the experimental system had to be designed such that besides wildtype and null alleles it could also detect partial loss-of-function alleles, which impair BLM function but at a level too weak to cause BS. The subtle defects exhibited by such weak alleles may be compensated for and thus go undetected in overexpression systems or in the absence of appropriate cell-cycle regulation. Using this approach, we identified six total loss-of-function BLM alleles (P690L, R717T, W803R, Y811C, F857L, G972V) and three partial loss-of-function alleles (R791C, P868L, G1120R). Although biochemical analysis will uniquely identify the specific defect of each of these BLM variants, previous structure-function analyses of RecQ and other helicases as well as the in vitro characterization of known BS-associated mutations allow us to make some predictions. For example, although the P690L mutation does not affect one of the highly conserved GK(T/S) residues of motif I (Walker A), its location within this motif most likely leads to loss of function because of an inability to bind ATP and/or Mg 2+ . The R717T mutation affects a variable residue of motif Ia. The effect of mutations in motif Ia has not yet been investigated, primarily because none of the missense mutations known to cause BS are located in this motif. However, structural analyses have revealed that residues from motif Ia engage in ssDNA binding (30, 31, 34, 35) , and replacing the positively charged arginine with a neutral threonine may weaken ssDNA binding in this critical region. The third loss-of-function variant, W803, is located in an AR loop that was originally described in the PcrA helicase and shown to be critical for coupling ATP hydrolysis to DNA binding and unwinding (31, 36, 37) . This AR loop is conserved in RecQ-like helicases, including BLM, Sgs1, and E. coli RecQ. The loss of function caused by mutating Y811, another aromatic residue just outside the AR loop, is likely due to a similar inability to coordinate ATP hydrolysis with DNA binding/unwinding. F857 is located between motifs III and IV in the flexible loop that connects the two RecA-like lobes that make up the helicase domain. A mutation on this side of the interlobe cleft, which accommodates the ATP binding site, may interfere with ATP binding/hydrolysis. In SF-1 helicases, the "arginine-finger" motif VI in lobe 2 also reaches into this site to interact with ATP (31, 38) , and it is plausible that the conserved arginine residues in motif VI of RecQ helicases (R978 and R982 of BLM), which also reach into the ATP binding site (39) , serve the same function. Mutation of G972, which is located near this arginine finger, could therefore impair coordination between lobe 2 and ATP binding in lobe 1.
Besides total loss-of-function mutations, we identified three BLM alleles that retain partial activity (R791C, P868L, G1120R). Instead of being at or near the surface of the interlobe cleft where residues of the conserved motifs are exposed, the R791C and P868L mutations affect residues within or adjacent to internal β-sheets (Fig. 3 D and E) . However, R791 is close to the invariant D795 of the DExH motif II (Walker B) and, thus, the partial loss of function is most likely due to decreased ATP hydrolysis. In contrast, because the residue of RecQL1 equivalent to P868 of BLM is not near the interlobe cleft, its mutation is unlikely to affect the function of the conserved helicase motifs. Instead, its location near the bottom of lobe 2, where the zincbinding domain adjoins the helicase domain (Fig. 3E) , may weaken the interaction between these two domains, which is thought to be important for DNA binding and protein stability. In fact, P868 is the first residue in a lysine-rich loop (residues 869-873) that has been suggested to play a role in stable DNA binding by BLM (12) . Unlike R791C and P868L, the G1120R mutation is located in the RQC domain of the helicase core. It is the only known BLM variant whose defect is due to a missense mutation in the WH subdomain. A recent analysis of the crystal structure of the WH domain of WRN complexed with DNA indicates that in RecQ-like helicases two loops, one between the α2 and α3 helices and one between the β2 and β3 strands, are involved in sequence-independent DNA binding and strand separation, respectively, and undergo conformational changes upon DNA binding (13) . The importance of the conserved glycine in the α2-α3 loop is likely to stem from its low propensity (the lowest next to proline) for α-helix formation and, thus, its ability to maintain the loop structure and provide the flexibility needed for the conformational change (loop extension) and exposure of residues for DNA binding. Mutation analysis has confirmed the importance of the β-wing for DNA binding and helicase activity in WRN and RecQL1 (13, 14) . The identification of the partially defective G1120R and G1115R alleles now also provides in vivo support for the functional importance of the α2-α3 loop in BLM and Sgs1, respectively. Similarly, impairment of Sgs1 and BLM by the equivalent F870L and F857L mutations, respectively, suggests functional importance in both helicases of the β7-β8 loop, where it reaches into the interlobe cleft. Equivalent mutations in or near the AR loop and the Walker A motif also impaired the function of both BLM and Sgs1. However, K881L (P868L in BLM) did not impair Sgs1 function, suggesting that the lysine-rich loop in lobe 2 of BLM and its role in helicase function are not conserved in Sgs1. Indeed, this finding provides in vivo support for the recent proposal that the lysine-rich loop and its function may be unique to BLM (12) .
With the exception of the blm Ash allele, which occurs at a frequency of ∼0.5% in the Ashkenazi Jewish population, alleles known to cause BS are very rare (<0.1%) (7, 9, 10) . Indeed, most BS mutations have only been found in a single individual with BS (7). It is therefore likely that additional BS alleles exist in the human population that have, due to their rarity and the autosomal recessive pattern of inheritance of BS, not yet been identified in a person with BS. We propose that the six total loss-of-function alleles may be candidates for new BS mutations. Based on the recent finding (40) that the frequency of P868L in the human population is ∼4.6%, we further propose that partially defective BLM variants (R791C, P868L, G1120R) are unlikely to be associated with full-scale BS, as the predicted homozygosity for the P868L allele in the human population far exceeds the incidence of BS.
Whether carriers for disease-causing BLM mutations also exhibit genome instability and are at increased risk for cancerogenesis is only beginning to be investigated. In one study, heterozygosity for the most common BS-associated mutation, blm Ash , was associated with increased colorectal cancer risk, although this increase was not seen in another study (22, 23) . Evidence of a gene dosage effect (haploinsufficiency) for BLM in colorectal tumorigenesis in mice also indicates that heterozygosity for BLM plays a role in cancer predisposition (41) . Similarly, we observed that diploids heterozygous for loss-of-function BLM alleles were more sensitive to DNA-damaging agents than wild-type diploids. This hypersensitivity could be due to haploinsufficiency or decreased activity of helicase complexes that consist of mixtures of wild-type and mutant BLM monomers. The possibility that the defect may be specific to expression being controlled by the SGS1 promoter and may not apply to protein levels expressed from the BLM promoter also cannot be excluded.
Besides the possibility of increased cancer risk for carriers of loss-of-function BLM mutations, hypomorphic BLM allelesthose that are partially functional and therefore do not cause all of the clinical features of BS-may be associated with increased cancer risk. With the identification of the P868L polymorphism as a hypomorphic BLM allele candidate, it will now be possible to determine whether such an association exists. A recent report, which found an allele dosage-dependent effect of P868L on rectal cancer risk, does indeed point toward this possibility (42) . With an estimated 1 in 10 individuals being carriers of P868L (40) and, thus, ∼1 in 500 individuals being predicted to be homozygous, an association between P868L homozygosity and an elevated risk for cancer (or other risks associated with genome instability, such as hypersensitivity to chemotherapeutics or other genotoxic agents) would be significant. Despite the evidence from our yeast system, it will remain unclear whether R791C and G1120R are also hypomorphic alleles like P868L until the frequency of these alleles in the human population is determined. Notably, carriers of a known BS mutation (or one of the total loss-of-function alleles identified here) who also carry a hypomorphic allele such as P868L, that is, who have no fully functional BLM allele, might also be at higher risk for cancers commonly associated with BS, such as leukemia, lymphoma, and epithelial cancers (43), or they may exhibit a BSlike disorder, characterized by milder expression or later onset of a combination of BS-associated symptoms.
Methods
Yeast Strains, Plasmids, and Media. Strains were derived from RDKY3615 (MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2Bgl, hom3-10, ade2Δ1, ade8, hxt13::URA3). Diploids were constructed by mating haploids with the desired BLM allele. BLM cDNA was purchased from Open Biosystems (clone MGC286), and the HIS3 cassette from pRS303 was inserted into a SpeI site downstream of BLM. Variants were introduced into the cDNA by site-directed mutagenesis. A PCR product comprising nucleotides 1942-4251 of BLM and the HIS3 marker cassette was used to replace nucleotides 1942-4341 of the chromosomal SGS1 ORF in RDKY3615 by recombination-mediated integration (44) , leading to expression of a fusion of the N terminus of Sgs1 and the C terminus of BLM (Sgs1-BLM). In-frame fusion at nucleotide 1941, the integrity of the integrated BLM cDNA sequence, and the presence of the desired variant were confirmed by sequencing. Mutations in plasmidborne SGS1 were introduced by site-directed mutagenesis and confirmed by sequencing of SGS1. Yeast strains and plasmids used in this study are listed in Tables S2 and S3 . Yeasts were cultured in liquid yeast extract/peptone/dextrose (YPD) with shaking at 30°C or grown on YPD agar at 30°C.
Sensitivity to DNA-Damaging Agents. Cell cultures were grown overnight in YPD (or in synthetic media lacking leucine to maintain pRS415-derived plasmids), diluted to OD 600 0.2, and incubated until they reached OD 600 0.5-0.6. Tenfold dilutions were spotted on YPD and YPD supplemented with HU, MMS, or 4NQO as indicated.
